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ABSTRACT
Theories of the cosmological constant fall into two classes, those in
which the vacuum energy is fixed by the fundamental theory and
those in which it is adjustable in some way. For each class we dis-
cuss key challenges. The string theory landscape is an example of an
adjustment mechanism. We discuss the status of this idea, and future
directions.
Rapporteur talk at the 23rd Solvay Conference in Physics, December,
2005.
1 The cosmological constant
I would like to start by drawing a parallel to an earlier meeting — not a
Solvay conference, but the 1947 Shelter Island conference. In both cases a
constant of nature was at the center of discussions. In each case theory gave
an unreasonably large or infinite value for the constant, which had therefore
been assumed to vanish for reasons not yet understood, but in each case
experiment or observation had recently found a nonzero value. At Shelter
Island that constant was the Lamb shift, and here it is the cosmological con-
stant. But there the parallel ends: at Shelter Island, the famous reaction was
“the Lamb shift is nonzero, therefore we can calculate it,” while today we
hear “the cosmological constant is nonzero, therefore we can calculate noth-
ing.” Of course this is an overstatement, but it is clear that the observation
of an apparent cosmological constant has catalyzed a crisis, a new discussion
of the extent to which fundamental physics is predictable. This is the main
subject of this report.
In the first half of my talk I will review why the cosmological constant
problem is so hard. Of course this is something that we have all thought
about, and there are major reviews.1 However, given the central importance
of the question, and the flow of new ideas largely stimulated by the obser-
vation of a nonzero value, we should revisit this. One of my main points
is that, while the number of proposed solutions is large, there is a rather
small number of principles and litmus tests that rule out the great majority
of them.
In recent years the cosmological constant has become three problems:
1. Why the cosmological constant is not large.
1For a classic review see [1]. For more recent reviews that include the observational
situation and some theoretical ideas see [2, 3]. A recent review of theoretical ideas is [4].
My report is not intended as a comprehensive review of either the cosmological problem
or of the landscape, either of which would be a large undertaking, but a discussion of a
few key issues in each case.
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2. Why it is not zero.
3. Why it is comparable to the matter energy density now (cosmic coin-
cidence).
I will focus primarily on the first question — this is hard enough! — and so
the question of whether the dark energy might be something other than a
cosmological constant will not be central.
In trying to understand why the vacuum does not gravitate, it is useful
to distinguish two kinds of theory:
1. Those in which the energy density of the vacuum is more-or-less uniquely
determined by the underlying theory.
2. Those in which it is not uniquely determined but is adjustable in some
way.
I will discuss these in turn.
1.1 Fixed-Λ theories
The basic problem here is that we know that our vacuum is a rather nontrivial
state, and we can identify several contributions to its energy density that are
of the order of particle physics scales. It is sufficient to focus on one of
them; let us choose the electron zero point energy, since we know a lot about
electrons. In particular, they are weakly coupled and pointlike up to an
energy scale M of at least 100 GeV. Thus we can calculate the electron zero
point energy up to this scale from the graphs of Fig. 1 [5],
ρV = O(M
4) +O(M2m2e) +O(m
4
e lnM/me) , (1.1)
which is at least 55 orders of magnitude too large.
So we must understand why this contribution actually vanishes, or is
cancelled. To sharpen the issue, we know that electron vacuum energy does
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Figure 1: An electron vacuum loop and its coupling to external gravitons
generate an effective cosmological constant.
gravitate in some situations. Fig. 2a shows the vacuum polarization contri-
bution to the famous Lamb shift, now coupled to an external graviton. Since
this is known to give a nonzero contribution to the energy of the atom, the
equivalence principle requires that it couple to gravity. The Lamb shift is
very small so one might entertain the possibility of a violation of the equiv-
alence principle, but this is a red herring, as there are many larger effects of
the same type.
One of these is shown in Fig. 2b, a loop correction to the electrostatic
energy of the nucleus. Aluminum and platinum have the same ratio of grav-
itational to inertial mass to one part in 1012 [6, 7]. The nuclear electrostatic
energy is roughly 10−3 of the rest energy in aluminum and 3× 10−3 in plat-
inum. Thus we can say that this energy satisfies the equivalence principle
to one part in 109. The loop graph shifts the electrostatic energy by an
amount of relative order α ln(meRnuc)/4pi ∼ 10−3 due to the running of the
electromagnetic coupling. Thus we know to a precision of one part in 106
that the effect shown in Fig. 2b actually exists. In fact, the effect becomes
much larger if we consider quark loops rather than electrons, and we do not
need precision experiments to show that virtual quarks gravitate, but we
stick with electrons because they are cleaner [8].
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Figure 2: a) Vacuum polarization contribution to the Lamb shift, coupled
to an external graviton. b) A loop correction to the electrostatic energy of a
nucleus, coupled to an external graviton.
We can think of Fig. 2 to good approximation as representing the shift
of the electron zero point energy in the environment of the atom or the
nucleus. Thus we must understand why the zero point energy gravitates in
these environments and not in vacuum, again given that our vacuum is a
rather complicated state in terms of the underlying fields. Further, if one
thinks one has an answer to this, there is another challenge: why does this
cancellation occur in our particular vacuum state, and not, say, in the more
symmetric SU(2) × U(1) invariant state of the weak interaction? It cannot
vanish in both because the electron mass is zero in the symmetric state and
not in ours, and the subleading terms in the vacuum energy (1.1) — which
are still much larger than the observed ρV — depend on this mass. Indeed,
this dependence is a major contribution to the Higgs potential (though it is
the top quark loop rather than the electron that dominates), and they play
an important role in Higgs phenomenology.
I am not going to prove that there is no mechanism that can pass these
tests. Indeed, it would be counterproductive to do so, because the most
precise no-go theorems often have the most interesting and unexpected failure
modes. Rather, I am going to illustrate their application to one interesting
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class of ideas.
Attempts to resolve the Higgs naturalness problem have centered on two
mechanisms, supersymmetry and compositeness (technicolor). In the case of
the cosmological constant much attention has been given to the effects of su-
persymmetry, but what about compositeness, technigravity? If the graviton
were composite at a scale right around the limit of Cavendish experiments,
roughly 100 microns, would this not cut off the zero point energy and leave
a remainder of order (100µ)−4, just the observed value [9, 10]? Further this
makes a strong prediction, that deviations from the inverse square law will
soon be seen.
In fact, it can’t be that simple. When we measure the gravitational force
in Cavendish experiments, the graviton wavelength is around 100µ. When
we measure the cosmological constant, the graviton wavelength is around the
Hubble scale, so there is no direct connection between the two. Moreover,
we already know, from the discussion of Fig. 2, that the coupling of gravity
to off-shell electrons is unsuppressed over a range of scales in between 100µ
and the Hubble scale, so whatever is affecting the short-distance behavior of
gravity is not affecting longer scales. We can also think about this as follows:
even if the graviton were composite one would not expect the graphs of
Fig. 1 to be affected, because all external fields are much softer than 100µ.
In order to be sensitive to the internal structure of a particle we need a
hard scattering process, in which there is a large momentum transfer to
the particle [11]. Further, the large compact dimension models provide an
example where gravity is modified at short distance, but the electron zero
point loop is not cut off at that scale. Thus there is no reason, aside from
numerology, to expect a connection between the observed vacuum energy
and modifications of the gravitational force law.
Ref. [12] tries to push the idea further, defining an effective theory of ‘fat
gravity’ that would pass the necessary tests. This is a worthwhile exercise,
but it shows just how hard it is. In order that the vacuum does not gravitate
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but the Lamb shift and nuclear loops do, fat gravity imposes special rule for
vacuum graphs. The matter path integral, at fixed metric, is doubly nonlocal:
there is a UV cutoff around 100µ, and in order to know how to treat a given
momentum integral we have to look at the topology of the whole graph in
which it is contained. Since the cosmological constant problem really arises
only because we know that some aspects of physics are indeed local to a
much shorter scale, it is necessary to derive the rules of fat gravity from a
more local starting point, which seems like a tall order. To put this another
way, let us apply our first litmus test: what in fat gravity distinguishes
the environment of the nucleus from the environment of our vacuum? The
distinction is by fiat. But locality tells us that that the laws of physics are
simple when written in terms of local Standard Model fields. Our vacuum
has a very complicated expression in terms of such fields, so the rules of fat
gravity do not satisfy the local simplicity principle.
The nonlocality becomes sharper when we look at the second question,
that is, for which vacuum is the cosmological constant small? The rule given
is that it is the one of lowest energy. This sounds simple enough, but consider
a potential with two widely separated local minima. In order to know how
strongly to couple to vacuum A, the graviton must also calculate the energy
of vacuum B (and of every other point in field space), and if it is smaller
take the difference. Field theory, even in some quasilocal form, can’t do this
— there are not enough degrees of freedom to do the calculation. If the
system is in state A, the dynamics at some distant point in field space is
irrelevant. Effectively we would need a computer sitting at every spacetime
point, simulating all possible vacua of the theory. Later we will mention
a context in which this actually happens, but it is explicitly nonlocal in a
strong way.
The failure of short-distant modifications of gravity suggests another
strategy: modify gravity at very long distances, comparable to the current
Hubble scale, so that it does not couple to vacuum energy at that scale. There
6
is of course a large literature on long-distance modifications of gravity; here I
will just point out one problem. If we have zero point energy up to a cutoff of
M ∼ 100 GeV, the radius of curvature of spacetime will be of orderMP/M2,
roughly a meter. So modifications of gravity at much longer distances do
not solve the problem, the universe curls up long before it knows about the
modification. It is possible that the spacetime curvature decays away on a
timescale set by the long-distance modifications, but this would imply a large
and uncanceled cosmological constant until quite recently.2 These problems
have already been discussed in Ref. [13], which argues that long distance
modifications of gravity can account for the cosmological constant only in
combination with acausality.
In another direction, it is tempting to look for some sort of feedback
mechanism, where the energies from different scales add up in a way that
causes the sum to evolve toward zero. The problem is that only gravity can
measure the cosmological constant — this term in the action depends only
on the metric — so that the contribution from a scaleM is only observed at a
much lower scale M2/MP, and we cannot cancel O(M
4) against O(M8/M4P).
In another language, the cosmological constant has scaling dimension zero
and we want to increase it to dimension greater than four; but gravity is
clearly classical over a wide range of scales so there is no possibility of this.
Again, there is no proof that some fixed-Λ solution does not exist; perhaps
our discussion will spur some reader into looking at the problem in a new
way. In fact there is at least one idea that is consistent with our tests: a
symmetry energy→ −energy. This requires a doubling of degrees of freedom,
so the electron loop is cancelled by a mirror loop of negative energy. This
idea is discussed as an exact symmetry in ref. [14] and as an approximate
symmetry not applying to gravity in ref. [15, 16]; the two cases are rather
different because the coordinate invariance is doubled in the first. It might
2One might consider models where this decay occurs in an epoch before the normal
Big Bang, but this runs into the empty universe problem to be discussed in Sec. 1.2.
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be that either can be made to work at a technical level, and the reader is
invited to explore them further, but I will take this as a cue to move on to
the next set of ideas.
1.2 Adjustable-Λ theories
Many different mechanisms have been put forward that would avert the prob-
lems of the previous section by allowing the cosmological constant to adjust
in some way; that is, the vacuum energy seen in the low energy theory is
not uniquely determined by the underlying dynamics. A partial list of ideas
includes
• Unimodular gravity (see Ref. [1] for a discussion of the history of this
idea, which in one form goes back to Einstein).
• Nonpropagating four-form field strengths [17, 18].
• Scalar potentials with many minima [19–21].
• A rolling scalar with a nearly flat potential [22,23]; the potential must
be very flat in order that the vacuum energy be constant on shorter
than cosmological times, and it must have a very long range to span
the necessary range of energies.
• Spacetime wormholes [24–27].
• The metastable vacua of string theory [28–35].
• Self-tuning (an undetermined boundary condition at a singularity in
the compact dimensions) [36, 37].
• Explicit tuning (i.e. an underlying theory with at least one free param-
eter not determined by any principle).
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The possible values of ρV must either be continuous, or form a sufficiently
dense discretuum that at least one value is as small as observed. It is im-
portant to note that zero cannot be a minimum, or otherwise special, in the
range of allowed values. The point is that the electron zero point energy,
among other things, gives an additive shift to the vacuum energy; if the min-
imum value for ρV were zero we would have to revert to the previous section
and ask what it is cancels the energy in this true vacuum.
In this adjustable scenario, the question is, what is the mechanism by
which the actual small value seen in nature is selected? In fact, one can
identify a number of superficially promising ideas:
• The Hartle-Hawking wavefunction [38]
|ΨHH|2 = e3/8G2ρV (1.2)
strongly favors the smallest positive value of the cosmological con-
stant [39, 40].
• The de Sitter entropy [41]
eS = e3/8G
2ρV = |ΨHH|2 (1.3)
would have the same effect, and suggests that the Hartle-Hawking wave-
function has some statistical interpretation in terms of the sytem ex-
ploring all possible states.
• The Coleman-de Luccia amplitude [42] for tunneling from positive to
negative cosmological constant vanishes for some parameter range, so
the universe would be stuck in the state of smallest positive energy
density [19, 43].
These ideas are all tantalizing — they are tantalizing in the same way
that supersymmetry is tantalizing as a solution to the cosmological constant
problem. That is, they are elegant explanations for why the cosmological
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constant might be small or zero under some conditions, but not in our par-
ticular rather messy universe. Supersymmetry would explain a vanishing
cosmological constant in a sufficiently supersymmetric universe, and these
mechanisms would explain why it vanishes in an empty universe.
To see the problem, note first that the above mechanisms all involve grav-
itational dynamics in some way, the response of the metric to the vacuum
energy. This is as it must be, because again only gravity can measure the
cosmological constant. The problem is that in our universe the cosmological
constant became dynamically important only recently. At a redshift of a few
the cosmological constant was much smaller than the matter density, and
so unmeasurable by gravity; at the time of nucleosynthesis (which is proba-
bly the latest that a tunneling could have taken place) today’s cosmological
constant would have been totally swamped by the matter and radiation den-
sities, and there is no way that these gravitational mechanisms could have
selected for it.3 This is the basic problem with dynamical selection mecha-
nisms: only gravity can measure ρV , and it became possible for it to do so
only in very recent cosmological times. These mechanisms can act on the
cosmological constant only if matter is essentially absent.
Another selection principle sometimes put forward is ‘existence of a static
solution;’ this comes up especially in the context of the self-tuning solutions.
As a toy illustration, one might imagine that some symmetry acting on a
scalar φ forced ρV to appear only in the form ρV e
φ.4 If we require the
3This might appear to leave open the possibility that the vacuum energy is at all times
of the same order as the matter/radiation density. Leaving aside the question of how this
would appear phenomenologically as a cosmological constant, the simplest way to see that
this does not really address the problem is to note that as the matter energy goes to zero
at late times then so will the vacuum energy: this violates the principle that zero is not a
special value. By contrast, the dynamical mechanisms above all operate for a ρV -spectrum
that extends to negative values.
4Aside from the issue discussed in the text, it is difficult to find true examples of such
scaling. For example, such a form arises at string tree level [44], but it is not protected
against loop corrections. An exact but spontaneously broken scale invariance might ap-
pear to give this form (E. Rabinovici, private communication), but in that case a Weyl
transformation removes φ from both the gravitational action and the potential. The scal-
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existence of a static solution for φ then we must have ρV = 0. Of course
this seems like cheating; indeed, if we can require a static solution then why
not just require a flat solution, and get ρV = 0 in one step? In fact these
are cheating because they suffer from the same kind of flaw as the dynamical
ideas. In order to know that our solution is static on a scale of say 1010
years, we must watch the universe for this period of time! The dynamics in
the very early universe, at which time the selection was presumably made,
have no way to select for such a solution: the early universe was in a highly
nonstatic state full of matter and energy.
Of course these arguments are not conclusive, and indeed Steinhardt’s
talk presents a nonstandard cyclic cosmological history that evades the above
no-go argument (see also Ref. [45]). If one accepts its various dynamical as-
sumptions, this may be a technically natural solution to the cosmological
constant problem. Essentially one needs a mechanism to fill the empty vac-
uum with energy after its cosmological constant has relaxed to near zero; it
is not clear that this is in fact possible.
In the course of trying to find selection mechanisms, one is struck by
the fact that, while it is difficult to select for a single vacuum of small cos-
mological constant, it is extremely easy to identify mechanisms that will
populate all possible vacua — either sequentially in time, as branches of the
wavefunction of the universe, or as different patches in an enormous spatial
volume. Indeed, this last mechanism is difficult to evade, if the many vacua
are metastable: inflation and tunneling, two robust physical processes, will
inevitably populate them all [46–48] [31].
But this is all that is needed! Any observer in such a theory will see a
cosmological constant that is unnaturally small; that is, it must be much
smaller than the matter and energy densities over an extended period of the
history of the universe. The existence of any complex structures requires that
ing in the self-tuning singularity models receives various corrections; the six-dimensional
models are argued to be better than the five dimensional ones in this regard (C. Burgess
and F. Quevedo, private communication).
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there be many ‘cycles’ and many ‘bits’: the lifetime of the universe must
be large in units of the fundamental time scale, and there must be many
degrees of freedom in interaction. A large negative cosmological constant
forces the universe to collapse to too soon; a large positive cosmological
constant causes all matter to disperse. This is of course the argument made
precise by Weinberg [49], here in a rather minimal and prior-free form.5
Thus we meet the anthropic principle. Of course, the anthropic principle
is in some sense a tautology: we must live where we can live.6 There is no
avoiding the fact that anthropic selection must operate. The real question
is, is there any scientific reason to expect that some additional selection
mechanism is operating?
Staying for now with the cosmological constant (other parameters will be
discussed later), the obvious puzzle is the fact that the cosmological constant
is an order of magnitude smaller than the most likely anthropic value. This is
an important issue, but to overly dwell on it reminds me of Galileo’s reaction
to criticism of his ideas because a heavier ball landed slightly before a lighter
one (whereas Aristotle’s theory predicted a much larger discrepancy):
Behind those two inches you want to hide Aristotle’s ninety-
nine braccia [arm lengths] and, speaking only of my tiny error,
remain silent about his enormous mistake.
The order of magnitude here is the two inches of wind resistance, the ninety-
nine braccia are the 60 or 120 orders of magnitude by which most or all
other proposals miss. This order of magnitude may simply be a 1.5-sigma
fluctuation, or it may reflect our current ignorance of the measure on the
space of vacua.
5Models incorporating anthropic selection (and the basic problem with dynamical se-
lection) were earlier discussed in Refs. [15, 22, 23]. For further reviews see Refs. [1, 50, 51].
6Natural selection is a tautology in much the same sense: survivors survive. But in
combination with a mechanism of populating a spectrum of universes or genotypes, these
‘tautologies’ acquire great power.
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If there is a selection mechanism, it must be rather special. It must evade
the general difficulties outlined above, and it must select a value that is almost
exactly the same as that selected by the anthropic principle, differing by one
order of magnitude out of 120. Occam’s razor would suggest that two such
mechanisms be replaced by one — the unavoidable, tautological, one. Thus,
we should seriously consider the possibility that there is no other selection
mechanism significantly constraining the cosmological constant. Equally, we
should not stop searching for such a further principle, but I think one must
admit that the strongest reason for expecting to find it is not a scientific
argument but a psychological one:7 we wish fundamental theory to be as
predictive as we have long assumed it would be.
The anthropic argument is not without predictive power. We can identify
a list of post- or pre-dictions, circa 1987:
1. The cosmological constant is not large.
2. The cosmological constant is not zero.
3. The cosmological constant is similar in order of magnitude to the matter
density.
4. As the theory of quantum gravity is better understood, it will provide
a microphysics in which the cosmological constant is not fixed but en-
vironmental; if this takes discrete values these must be extremely dense
in Planck units.
5. Other constants of nature may show evidence of anthropic constraints.
Items 2 and 3 are the second and third parts of the cosmological constant
problem; we did not set out to solve them, but in fact they were solved
before they were known to be problems — they are predictions. Item 4 will
be discussed in the second half of the talk, in the context of string theory.
7Again, the Darwinian analogy is notable.
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Item 5 is difficult to evaluate, but serious arguments to this effect have long
been made, and they should not be dismissed out of hand.
Let us close this half of the talk with one other perspective. The cosmo-
logical constant problem appears to require some form of UV/IR feedback,
because the cosmological constant can only be measured at long distances
or late times, yet this must act back on the Lagrangian determined at short
distance or early times. We can list a few candidates for such a mechanism:
• String theory contains many examples of UV/IR mixing, such as the
world-sheet duality relating IR poles in one channel of an amplitude to
the sum over massive states in another channel, and the radius-energy
relation of AdS/CFT duality. Thus far however, this is yet one more
tantalizing idea but with no known implications for the vacuum energy.
• Bilocal interactions. The exact energy → −energy symmetry [14] and
the wormhole solution [26,27] put every point of our universe in contact
with every point of another. This ties in with our earlier remarks about
the computational power of quantum field theory: here the calculation
of the true vacuum energy is done in the entire volume of the second
spacetime.
• The anthropic principle. Life, an IR phenomenon, constrains the cou-
pling constants, which are UV quantities.
• A final state condition. At several points — in the long distance mod-
ification of gravity, and in the dynamical mechanisms — things would
have gone better if we supposed that there were boundary conditions
imposed in the future and not just initially. Later we will encounter
one context in which this might occur.
To conclude, we have identified one robust framework for understanding
the vacuum energy: (1) Stuff gravitates, and the vacuum is full of stuff. (2)
Therefore the vacuum energy must have some way to adjust. (3) It is difficult
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for the adjustment to select a definite small value for the vacuum energy, but
it is easy to access all values, and this, within an order of magnitude, accounts
for what we see in nature. We have also identified a number of other possible
hints and openings, which may lead the reader in other directions.
2 The string landscape
2.1 Constructions
Now let us ask where string theory fits into the previous discussion. In ten
dimensions the theory has no free parameters, but once we compactify, each
nonsupersymmetric vacuum will have a different ρV . It seems clear that the
cosmological constant cannot vary continuously. Proposed mechanisms for
such variation have included nondynamical form fields and a boundary condi-
tion at a singularity, but the former are constrained by a Dirac quantization
condition, and the latter will undoubtedly become discrete once the internal
dynamics of the ‘singularity’ are taken into account. (A rolling scalar with a
rather flat potential might provide some effective continuous variation, but
the range of such a scalar is very limited in string theory).
Given a discrete spectrum, is there a dense enough set of states to ac-
count for the cosmological constant that we see, at least 1060 with TeV scale
supersymmetry breaking or 10120 with Planck scale breaking?8 The current
understanding, in particular the work of KKLT [34], suggests the existence
of a large number of metastable states giving rise to a dense discretuum near
ρV = 0. A very large degree of metastability is not surprising in complicated
dynamical systems — consider the enormous number of metastable com-
pounds found in nature. As a related example, given 500 protons, 500 neu-
trons, and 500 electrons, how many very long-lived bound states are there?
A rough estimate would be the number of partitions of 500, separating the
8These numbers must be larger if the probability distribution has significant fluctua-
tions as recently argued in Ref. [52].
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protons into groups and then assigning the same number of neutrons and
electrons to each group; there is some overcounting and some undercounting
here, but the estimate should be roughly correct,
P (n) ∼ 1
4n
√
3
epi
√
2n/3 , P (500) ∼ 1022 . (2.1)
The number of metastable states grows rapidly with the number of degrees
of freedom.
In string theory, replace protons, neutrons, and electrons with handles,
fluxes, and branes. There are processes by which each of these elements can
form or decay, so it seems likely that most or all of the nonsupersymmetric
vacua are unstable, and the space of vacua is largely or completely connected.
Thus all states will be populated by eternal inflation, if any of the de Sitter
states is. The states of positive ρV would also be populated by any sort of
tunneling from nothing (if this is really a distinct process), since one can take
the product of an S4 Euclidean instanton with any compact space.
The number 500 has become a sort of a code for the landscape, because
this is the number of handles on a large Calabi-Yau manifold, but for now
it is an arbitary guess. It is still not certain whether the number of vacua in
string theory is dense enough to account for the smallness of the cosmological
constant, or even whether it is finite (it probably becomes finite with some
bound on the size of the compact dimensions: compact systems in general
have discrete spectra9).
The nuclear example has a hidden cheat, in that a small parameter has
been put in by hand: the action for tunnelling of a nucleus through the
Coulomb barrier is of order Z1Z2(mp/me)
1/2, and this stabilizes all the de-
cays. String theory has no such small parameter. One of the key results of
KKLT is that in some regions of moduli space there are a few small param-
eters that stabilize all decays (see also Ref. [53]). Incidentally, the stability
of our vacuum is one reason to believe that we live near some boundary of
9See the talk by Douglas for further discussion of this and related issues.
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moduli space, rather than right in the middle where it is particularly hard
to calculate: most likely, states right in the middle of moduli space decay at
a rate of order one in Planck units.
How trustworthy are the approximations in KKLT? A skeptic could argue
that there are no examples where they are fully under control. Indeed, this is
likely to inevitable in the construction of our vacuum in string theory. Unlike
supersymmetric vacua, ours has no continuous moduli that we can vary to
make higher-order corrections parametrically small, and the underlying string
theory has no free parameters. It could be that our vacuum is one of an
infinite discrete series, indexed by an integer which can be made arbitrarily
large, and in this way the approximations made parametrically accurate,
but in the KKLT construction this appears not to be the case: the flux
integers and Euler number are bounded. For future reference we therefore
distinguish series and sporadic vacua, by analogy to finite groups and Lie
algebras; perhaps other constructions, e.g. [54], give series of metastable
nonsupersymmetric vacua.
The KKLT construction has something close to a control parameter, the
supersymmetry breaking parameter w0. In an effective field theory descrip-
tion we are free to vary this continuously and then the approximations do
become parametrically precise; in this sense one is quite close to a controlled
approximation. In specific models the value of w0 is fixed by fluxes, and it is
a hard problem (in a sense made precise in Ref. [55]) to find vacua in which it
is small. Thus, for now the fourth prediction from the previous section, that
string theory has enough vacua to solve the cosmological constant problem,
is undecided and still might falsify the whole idea.
Underlying the above discussion is the fact that we still have no nonper-
turbative construction of string theory in any de Sitter vacua, as emphasized
in particular in Refs. [56, 57]. As an intermediate step one can study first
supersymmetric AdS vacua, where we do understand the framework for a
nonperturbative construction, via a dual CFT. The KKLT vacua are built
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on such AdS vacua by exciting the system to a nonsupersymmetric state.
The KKLT AdS vacua are sporadic, but there are also series examples with
all moduli fixed, the most notable being simply AdS5 × S5, indexed by the
five-form flux. Thus far we have explicit duals for many of the series vacua,
via quiver gauge theories, but we do not yet have the tools to describe the
duals of the sporadic vacua [58]. The KKLT construction makes the pre-
diction that there are 10O(100) such sporadic CFTs — a surprising number
in comparison to the number of sporadic finite groups and Lie algebras, but
indeed 2+1 dimensional CFTs appear to be much less constrained. It may be
possible to count these CFTs, even before an explicit construction, through
some index; see Ref. [59] for a review of various aspects of the counting of
vacua.
Beyond the above technical issues, there are questions of principle: are
the tools that KKLT use, in particular the effective Lagrangian, valid? In
many instances these objections seem puzzling: the KKLT construction is
little more than gluino condensation, where effective Lagrangian methods
have long been used, combined with supersymmetry breaking, which can
also be studied in a controlled way. It is true that the KKLT construction, in
combination with eternal inflation, is time-dependent. However, over much
of the landscape the scale of the time-dependence is well below the Planck
scale, because the vacuum energy arises from a red-shifted throat, and so the
landscape is populated in the regime where effective field theory is valid.
A more principled criticism of the use of effective Lagrangians appears in
Refs. [56, 57]; I will try to paraphrase this here. It is not precisely true that
the nonsupersymmetric KKLT states (or any eternally inflating states) are
excitations of AdS vacua. That is, it is true locally, but the global bound-
ary conditions are completely different. Normally one’s intuition is that the
effective Lagrangian is a local object and does not depend on the boundary
conditions imposed on the system, but arguments are given that this situa-
tion is different. In particular one cannot tunnel among inflating states, flat
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spacetimes, and AdS states in any direction (for example, tunneling from
eternal inflation to negative cosmological constant leads to a crunch); thus
these are in a sense different theories. This is also true from a holographic
point of view: the dual Hamiltonians that describe inflating, flat, and AdS
spaces will inevitably be completely different (as one can see by studying the
high energy spectrum). Is there then any reason to expect that construc-
tions of an effective action, obtained from a flat spacetime S-matrix, have
any relevance to an eternally inflating system?
I believe that there is. The entire point of holography and AdS/CFT
duality is that the bulk physics is emergent: we obtain the same bulk physics
from many different Hamiltonians. We can already see this in the AdS/CFT
context, where many different quiver gauge theories, even in different dimen-
sions, give the same IIB bulk string theory, and local experiments in a large
AdS spacetime are expected to give the same results as the same experi-
ments in flat spacetime. Thus there is no argument in principle that these
do not extend to the inflating case. Also, while holography does imply some
breakdown of local field theory, it does so in a rather subtle way, as in phase
correlations in Hawking radiation. By contrast, the expectation value of the
energy-momentum tensor in the neighborhood of a black hole (i.e. the to-
tal flux of Hawking radiation) appears to be robust, and the quantities that
enter into to construction of string vacua are similar to this.
However, for completeness we mention the possible alternate point of
view [60]: that the landscape of metastable dS vacua has no nonperturbative
completion, or it does have one but is experimentally ruled out by consider-
ations such as those we will discuss. Instead there is a completely separate
sector, consisting of theories with finite numbers of states, and if these lead
to emergent gravity it must be in a stable dS spacetime.
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2.2 Phenomenological issues
Thus far we have dwelt on the cosmological constant, but the string landscape
implies that other constants of nature will be environmental to greater or
lesser extents as well. In this section we discuss a few such parameters,
especially those which appear to be problematic for one reason or another.
2.2.1 θQCD
Why is θQCD of order 10
−9 or less? This strong CP problem has been around
for a long time in gauge theory, and several explanations have been proposed
— an axion, a massless up quark, and models based on spontaneous CP
violation. However, it has been argued that none of these are common in the
string landscape; for example, the first two require continuous symmetries
with very tiny explicit breakings, and this appears to require fine tuning.
Further, it is very hard to see any anthropic argument for small θQCD; a
larger value would make very little difference in most of physics. Thus we
would conclude that the multiverse is full of bubbles containing observers
who see gauge theories with large CP-violating angles, and ours is a one-in-
a-billion coincidence [56].
Of course, this is a problem that is to some extent independent of string
theory: the axion, for example, has always been fishy, in that one needed
a global symmetry that is exact except for QCD instantons. The string
landscape is just making sharper an issue that was always there.
String theory does come with a large number of potential axions. In
order that one of these solve the strong CP problem it is necessary that the
potential energy from QCD instantons be the dominant contribution to the
axion potential; any non-QCD contribution to the axion mass must be of
order 10−18 eV × (1016 GeV/fa) or less; see e.g. [61] for a recent discussion.
This is far below the expected scale of the moduli masses, so appears to
imply a substantial fine tuning (even greater than the direct tuning of θQCD)
and so rarity in the landscape.
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However, the landscape picture also suggests a particular solution to this
problem. In order to obtain a dense enough set of vacua, the compact di-
mensions must be topologically complex, again with something around 500
cycles. Each cycle gives rise to a potential axion, whose mass comes from in-
stantons wrapping the cycle (we must exclude would-be axions which also get
mass from other sources, such as their classical coupling to fluxes). Generi-
cally one would expect some of these cycles to be somewhat large in string
units; for example, one might expect the whole compact space to have a vol-
ume that grows as some power of the number of handles. The axions, whose
masses go as minus the exponential of the volume, would be correspondingly
light. Thus, compactifications of large topological complexity may be the
one setting in which the QCD axion is natural, the smallness of θQCD being
an indirect side effect of the need for a small cosmological constant. More
generally, it will be interesting to look for characteristic properties of such
topologically complex compactifications.
This example shows that even with anthropic selection playing a role,
mechanism will surely also be important.
2.2.2 The baryon lifetime
This is a similar story to θQCD [56]: as far as we understand at present,
the baryon lifetime is longer than either anthropic argument or mechanism
can account for, so that bubbles with such long-lived baryons would be rare
in the multiverse. This problem is lessened if supersymmetry is broken at
high energy. This is an significant challenge to the landscape picture: it is
good to have such challenges, eventually to sharpen, or to falsify, our current
understanding.
2.2.3 The dark energy parameter w
A naive interpretation of the anthropic principle would treat the dark energy
equation of state parameter w as arbitrary, and look for anthropic constraints.
21
However, in the string landscape a simple cosmological constant, w = −1, is
certainly favored. With supersymmetry broken, the scalar potential gener-
ically has isolated minima, with all scalars massive. In order to obtain a
nontrivial equation of state for the dark energy we would need a scalar with
a mass of order the current Hubble scale. Our discussion of axions indicates
a mechanism for producing such small masses, but it would be rather con-
trived, for no evident reason, that the mass would be of just the right scale
as to produce a nontrivial variation in the current epoch.
2.2.4 Three generations
Three generation models appear to be difficult to find in string theory. A
recent paper quantifies this [62]: in one construction they are one in a billion,
even after taking into account the anthropic constraint that there be an
asymptotically free group so that the long distance physics is nontrivial. It
is then a puzzle to understand how we happen to live in such a vacuum. One
conjecture is that all constructions thus far are too special, and in the full
landscape three generations is not rare. Again, explaining three generations
is equally a problem for any hypothetical alternate selection mechanism —
another challenge to sharpen our understanding.
2.2.5 Q
I am not going to try to discuss this parameter in detail; I am only going to
use it to make one rhetorical point. The anthropic bound on Q, which is the
normalization of the primordial temperature fluctuations, has been quoted
as [63]
10−6 < Q < 10−4 , (2.2)
and it is interesting that the observed value is in the middle, not at either
end. What would we expect from the landscape?
A string theorist would note that the anthropic bound is on ρVQ
−3 [49],
and so by making Q a factor of 10 larger we can multiply ρV by 1000, and
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there will be many more vacua with this larger value of Q. A cosmologist
would note that a smaller Q would imply a flatter potential and so more
inflation, and therefore much more volume and many more galaxies. Thus
the cosmologist and the string theorist agree that we should be on the end
of the anthropic range, but they disagree on which end.
This is a caricature, of course — there are other considerations, and
model-dependencies [56, 64–67]. I use it to make two points: first, it is a
puzzle that we are in the middle of the anthropic range, yet another thing
to understand. Second, the string theorist and the cosmologist each look at
part of the measure, but it is clear that we are far short of the whole picture.
(For reviews of the counting and the volume factors see Refs. [59] and [68]
respectively.)
2.2.6 ρV
Can we understand understand the number 283, as in
ρV = e
−283.2M4P ? (2.3)
I quote it in this way, as a natural log, to emphasize that we are to think about
it completely free of all priors (such as the fact that we have ten fingers).
Thus, there may be an anthropic relation between ρV /M
4
P and Mweak/MP,
for example, but we should not make any assumption about the latter. It
should be possible to calculate the number 283, at least to some accuracy.
We know that it has to be big, to get enough bits and cycles, but why is 100
not big enough, and why is 1000 not better?
One possibility, the best from the point of view of string theory, is that
ρV /M
4
P has its original purely in microphysics; that it, that it is close to the
smallest attainable value, set by the density of the discretuum. The other
extreme is that it is almost purely anthropic — that 283, plus or minus some
uncertainty, really gives the best of all attainable worlds, and any attempt
to vary parameters to give a larger or smaller value makes things worse.
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Certainly, knowing where we sit between these two extremes is something
that we must eventually understand in a convincing way.
2.2.7 Other questions
An obvious question is whether we can understand the supersymmetry-
breaking scale (see [70] and references therein). Is low energy supersymmetry,
or some alternative [71,72], favored? Will we figure this out before the LHC
tells us?
Another potentially telling question [73]: are there more coincidences like
the cosmic coincidence of ρV , such as the existence of two different kinds of
dark matter with significant densities?
2.3 What is string theory?
Of course, this is still the big question. We have learned in recent years that
the nonperturbative construction of a holographic theory is very sensitive
to the global structure of spacetime. Thus, the current point of view, the
chaotically inflating multiverse, casts this question in a new light. It is also
another example of how the landscape represents productive science: if we
ignore this lesson, ignore chaotic inflation, we may be trying to answer the
wrong question.
Before addressing the title question directly, let us discuss one way in
which it bears upon the previous discussion. We touched briefly on the issue
of the measure. This has always been a difficult question in inflationary
cosmology. Intuitively one would think that the volume must be included in
the weighting, since this will be one factor determining the total number of
galaxies of a given type. However, this leads to gauge dependence [74] and
the youngness paradox [75]. Further, this would imply that the vacuum of
highest density plays a dominant role, whereas the de Sitter entropy would
suggest almost the opposite, that when the system is in a state of high
vacuum energy it has simply wandered into a subsector of relatively few
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states. Further, the idea of counting separately regions that are out of causal
contact is contrary to the spirit of the holographic principle.
There have been attempts to modify the volume weighting to deal with
some of the paradoxes (for a recent review see Ref. [68]), but as far as I know
none as yet take full advantage of the holographic point of view, and none
is widely regarded as convincing. Providing a compelling understanding of
the measure is certainly a goal for string theory. It is possible that this can
be done by some form of holographic reasoning, even without a complete
nonperturbative construction. It is perhaps useful to recall Susskind’s sug-
gestion, that the many worlds of chaotic inflation are the same as the many
worlds of quantum mechanics. This can be read in two directions: first, that
chaotic inflation is the origin of quantum mechanics — this seems very am-
bitious; second, that the many causal volumes in the chaotic universe should
just be seen as different states within the wavefunction of a single patch
— this is very much in keeping with holography. It is also interesting to
note that in the stochastic picture presented in Ref. [74] several probability
measures are considered; some have a youngness paradox, but at least one
seems to connect with the Hartle-Hawking and tunneling wavefunctions, and
possibly with a thermodynamic picture.
Now, what is the nonperturbative construction of these eternally inflating
states? The lesson from AdS/CFT is that the dual variables that give this
construction live at the boundary of spacetime. In the context of eternal
inflation, the only natural boundaries lie to the future, in open FRW universes
(and possibly also in time-reversed universes to the past) [35, 76, 77].
This is much like AdS/CFT with timelike infinity replacing spatial infin-
ity, and so it suggests that time will be emergent. Let us interpose here one
remark about emergent time (see also the presentations by Seiberg and by
Maldacena at this meeting). Of course in canonical general relativity there is
no time variable at the start, it emerges in the form of correlations once the
Hamiltonian constraint is imposed. This sounds like emergent time, but on
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the other hand it is just a rewriting of the covariant theory, and one would
expect emergent time to be something deeper.
To see the distinction between emergent time in these two senses let us
first review emergent gauge symmetry. In some condensed matter systems
in which the starting point has only electrons with short-ranged interactions,
there are phases where the electron separates into a new fermion and bo-
son [78, 79],
e(x) = b(x)f †(x) . (2.4)
However, the new fields are redundant: there is a gauge transformation
b(x, t)→ eiλ(x,t)b(x, t) , f(x, t)→ eiλ(x,t)f(x, t) , (2.5)
which leaves the physical electron field invariant. This new gauge invariance
is clearly emergent: it is completely invisible in terms of the electron field
appearing in the original description of the theory (this statistical gauge
invariance is not to be confused with the ordinary electromagnetic gauge
invariance, which does act on the electron.) Similarly, the gauge theory
variables of AdS/CFT are trivially invariant under the bulk diffeomorphisms,
which are entirely invisible in the gauge theory (the gauge theory fields do
transform under the asymptotic symmetries of AdS5×S5, but these are ADM
symmetries, not gauge redundancies).
Thus, in the case of emergent time we look for a description of the theory
in which time reparameterization invariance is invisible, in which the initial
variables are trivially invariant. It is not a matter of solving the Hamiltonian
constraint but of finding a description in which the Hamiltonian constraint
is empty. Of course we can always in general relativity introduce a set of
gauge-invariant observables by setting up effectively a system of rods and
clocks, so to this extent the notion of emergence is imprecise, but it carries
the connotation that the dynamics can be expressed in a simple way in
terms of the invariant variables. The AdS/CFT duality solves this problem
by locating the variables at spatial infinity, and in the present context the
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natural solution would be to locate them at future infinity. That is, there
some dual system within which one calculates directly the outgoing state in
the FRW patches, some version of the Hartle-Hawking wavefunction perhaps.
To access our physics in a nonsupersymmetric and accelerating bubble would
then require some holographic reconstruction as in the bulk of AdS/CFT.
Certainly such a picture would cast a very different light on many of the
questions that we have discussed; it does suggest a possible mechanism for
‘post-selection’ of the cosmological constant.
It would be useful to have a toy model of emergent time. The problem
with the string landscape is that all states mix, and one has to deal with the
full problem; is there any isolated sector to explore?
3 Conclusions
A few closing thoughts:
• The extent to which first principles uniquely determine what we see in
nature is itself a question that science has to answer. Einstein asked
how much choice God had, he did not presume to know the answer.
• That the universe is vastly larger than what we see, with different laws
of physics in different patches, is without doubt a logical possibility.
One might argue that even if this is true it is forever outside the domain
of science, but I do not think it is up to us to put a priori bounds on
this domain. Indeed, we now have five separate lines of argument (the
predictions near the end of Sec. 1) that point in this direction. Our
current understanding is not frozen in time, and I expect that if this
idea is true (or if it is not) we will one day know.
• A claim that science is less predictive should be subjected to a corre-
spondingly higher level of theoretical skepticism. Our current picture
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should certainly be treated as tentative, at the very least until we have
a nonperturbative formulation of string theory.
• The landscape opens up a difficult but rich spectrum of new questions,
e.g. [80].
• There are undoubtedly many surprises in the future.
Let me close with a quotation from Dirac:
One must be prepared to follow up the consequences of theory,
and feel that one just has to accept the consequences no matter
where they lead.
and a paraphrase:
One should take seriously all solutions of one’s equations.
Of course, his issue was a factor of two, and ours is a factor of 10500.
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